ABSTRACT. Carbohydrate functionalization of nanoparticles allows for targeting of C-type lectin receptors. This family of pattern recognition receptors expressed on innate immune cells, such as macrophages and dendritic cells, can be used to modulate immune responses. In this work, the in vivo safety profile of carbohydrate-functionalized polyanhydride nanoparticles was analyzed following parenteral and intranasal administration in mice. Polyanhydride nanoparticles based on 1,6-bis-(pcarboxyphenoxy)hexane and 1,8-bis-(p-carboxyphenoxy)-3,6-dioxaoctane were used. Nanoparticle functionalization with di-mannose (specifically carboxymethyl-α-D-mannopyranosyl-(1,2)-Dmannopyranoside), galactose (specifically carboxymethyl-β-galactoside), or glycolic acid induced no adverse effects after administration based on histopathological evaluation of liver, kidneys, and lungs. Regardless of the polymer formulation, there was no evidence of hepatic or renal damage or dysfunction observed in serum or urine samples. The histological profile of cellular infiltration and the cellular distribution and kinetics in the lungs of mice administered with nanoparticle treatments followed similar behavior as that observed in the lungs of animals administered with saline. Cytokine and chemokine profiles in bronchoalveolar lavage fluid indicated surface chemistry dependence on modest secretion of IL-6, IP-10, and MCP-1; however, there was no evidence of any deleterious histopathological changes. Based on these analyses, carbohydrate-functionalized nanoparticles are safe for in vivo applications. These results provide foundational information towards the evaluation of the capabilities of these surface-modified nanoparticles as vaccine delivery formulations.
INTRODUCTION
The development of novel strategies to improve adjuvant formulations by directly targeting innate immune cells is an important area of interest in the design of novel vaccines (1) (2) (3) (4) . Biodegradable nanoparticles possess promising characteristics in this regard by playing dual roles, both as adjuvants and delivery vehicles (5) . In particular, polyanhydride particles have been demonstrated to induce enhanced expression of MHCs I and II on and stimulation of antigen-presenting cells (APCs), which are fundamental to initiating adaptive immune responses (6) (7) (8) . After in vivo administration, the nanoparticles interact with a variety of cells, including APCs (9, 10) . Before analyzing the effects of surface modification upon vaccine efficacy, an assessment of their safety and biocompatibility is necessary (11) .
The use of polymeric nanoparticle systems for drug and vaccine delivery offers several advantages, including controlled delivery of encapsulated payload(s) and, depending on their chemical properties, improved biocompatibility, receptor targeting capabilities, sustained antigen/drug release kinetics, adjuvanticity, and opportunities for both local and systemic delivery (12, 13) . Polyanhydride nanoparticles have displayed these characteristics in both in vitro and/or in vivo settings (6, 9, (14) (15) (16) (17) (18) (19) (20) . In particular, the use of biodegradable nanoparticles for lung delivery is an attractive proposition because of the following advantages: (1) uniform particle distribution in the lung, (2) local administration of vaccine antigens or therapeutic drugs, (3) sustained delivery of macromolecules, (4) improved patient compliance associated with noninvasive immunization and administration of fewer doses, and (5) avoidance of first-pass metabolism, among others (2, 12, (21) (22) (23) .
In previous in vitro studies, it was demonstrated that dimannose functionalization of polyanhydride nanoparticles, which would induce signaling via C-type lectin receptors (CLRs) on APCs, enhanced the activation of macrophages and dendritic cells (DCs) (6, 17, 18, 24) . Because of the role of CLR signaling in stimulating innate immunity, identifying safe and effective means to selectively target APC receptors such as the macrophage mannose receptor (MMR) and the macrophage galactose binding lectin (MGL) will provide novel approaches to enhance and shape adaptive immunity (3, 25, 26) . Both the charge and surface properties of these p o l y a n h y d r i d e n a n o p a r t i c l e s a r e a l t e r e d u p o n functionalization and could engage additional signaling cascade(s), which may affect the magnitude of immune response to the presence of these functionalized adjuvants/delivery vehicles. In this regard, even though these functionalized particles have displayed desirable properties (i.e., activation of APCs) in vitro, the focus of this study was to perform a systematic evaluation of their safety and biocompatibility profile in vivo to assess any toxicological effects that might be associated with functionalization.
MATERIALS AND METHODS

Materials
Chemicals needed for monomer synthesis, polymerization, and nanoparticle synthesis included anhydrous (99+%) 1-methyl-2-pyrrolidinone (Aldrich, Milwaukee, WI); 1,6-d i b r o m o h e x a n e , 4 -p -h y d r o x y b e n z o i c a c i d , N , Ndimethylacetamide, and triethylene glycol (Sigma-Aldrich, St. Louis, MO); 4-p-fluorobenzonitrile (Apollo Scientific, Cheshire, UK); and acetic acid, acetic anhydride, acetone, acetonitrile, dimethyl formamide (DMF), hexanes, methylene chloride, pentane, potassium carbonate, sodium hydroxide, sulfuric acid, and toluene (Fisher Scientific, Fairlawn, NJ). For NMR characterization, deuterated dimethyl sulfoxide was purchased from Cambridge Isotope Laboratories (Andover, MA). For nanoparticle tracking Alexa Fluor® 647 hydrazide was purchased from Life Technologies (Grand Island, NY). For nanoparticle functionalization, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, Nhydroxysuccinimide, and ethylenediamine were purchased from Thermo Scientific (Waltham, MA). Glycolic acid was purchased from Acros Organics (Pittsburgh, PA). Materials required for the lung tissue processing included Dulbecco's Modified Eagle Medium and Hank's balanced salt solution (Life Technologies, Grand Island, NY); HEPES buffer, penicillin-streptomycin, and L-glutamine (Mediatech, Herndon, VA); heat-inactivated fetal bovine serum (Atlanta Biologicals, Atlanta, GA); and ammonium chloride, potassium bicarbonate, 0.5 M EDTA, and sodium azide (Fisher Scientific). β-Mercaptoethanol and rat immunoglobulin (rat IgG) were purchased from Sigma-Aldrich (St. Louis, MO). Materials used for flow cytometry included stabilizing cellular fixative solution (BD Biosciences, San Jose, CA); unlabeled anti-CD16/32 (i.e., anti-FcγR) (Southern Biotech, Birmingham, AL); and FITC-conjugated anti-mouse CD11c (clone N418), PE-conjugated anti-mouse CD11b (clone M1/70), Alexa Fluor® 700-conjugated anti-mouse F4/80 (clone BM8), PerCP/Cy5.5-conjugated anti-mouse Ly-6G/Ly-6C (Gr-1) (clone RB6-8C5), PE/Cy7 anti-mouse CD326 (clone G8.8) and their corresponding isotype controls: FITCconjugated Armenian Hamster IgG (clone HTK888), PEconjugated rat IgG2bκ (clone RTK4530), Alexa Fluor® 700-conjugated rat IgG2aκ (clone RTK2758) and PerCP/Cy5.5-conjugated rat IgG2bκ (clone RTK4530), and PE/Cy7-conjugated rat IgG2aκ (clone RTK2758) (BioLegend, San Diego, CA). Endotoxin-free saline was obtained from the Iowa State University College of Veterinary Medicine Pharmacy.
Monomer and Polymer Synthesis
Monomers of 1,6-bis(p-carboxyphenoxy)hexane (CPH) and 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG) were synthesized as described previously (15, 27) . The 50:50 CPTEG:CPH copolymer was synthesized by melt polycondensation as previously described (15) . The chemical structure was characterized with 1 H NMR using a 300-MHz Varian VXR spectrometer (Varian, Inc., Palo Alto, CA). The synthesized 50:50 CPTEG:CPH copolymer had a M w of 10,500 Da, and the polydispersity index (PDI) of this copolymer was 1.5, which is consistent with previous work (15, 20) .
Nanoparticle Synthesis
Polyanhydride nanoparticles were synthesized using antisolvent nanoencapsulation as described previously (28) . Briefly, for flow cytometry, Alexa Fluor® 647 hydrazide (1% w/w) and 20 mg/mL 50:50 CPTEG:CPH polymer were dissolved in methylene chloride (at 4°C). For histological and cytokine analyses, blank nanoparticles were synthesized. The polymer solution was sonicated at 40 Hz for 30 s using a probe sonicator (Ultra Sonic Processor VC 130PB, Sonics Vibra-Cell, Newtown, CT) and rapidly poured into a pentane bath (at −40°C) at a solvent-to-nonsolvent ratio of 1:250. Particles were collected by filtration and dried under vacuum for 30 min.
Sugar Synthesis
Synthesis of Carboxymethyl α-1,2-Linked Dimannoside Synthesis of carboxymethyl α-1,2-linked di-mannose was carried out using fluorous solid-phase extraction (FSPE) as per literature procedure (29) (30) (31) . Each glycosylation was performed with 2.0 equivalents of the donor in anhydrous dichloromethane at 0°C for 15 min. Facile purification of crude product by FSPE enabled easy preparation of the protected linear α-1,2-linked di-mannose in high yield. FSPE was very helpful in the context of this particular synthesis as isolation of the target compound using regular silica gel chromatography turned out to be difficult owing to the formation of unwanted side products (hydrolyzed and rearranged donor). The reducing terminal of the disaccharide was further functionalized by ozonolysis followed by Jone's oxidation to yield a carboxylic acid. Global deprotection was carried out using the Birch reduction condition to produce the desired deprotected dimannoside (6) .
Synthesis of Carboxymethyl-β-Galactoside
Allylated β-galactose acetate was subjected to ruthenium-catalyzed sharpless oxidation, which resulted in carboxylic acid-terminated β-galactose acetate in high yield. Base catalyzed deacetylation yielded the desired galactoside in high yield.
Surface Functionalization
C a r b o x y m e t h y l -α -D -m a n n o p y r a n o s y l -( 1 , 2 ) -Dmannopyranoside and carboxymethyl-β-galactoside were conjugated onto the surface of polyanhydride nanoparticles using an amine-carboxylic acid coupling reaction (6, 17, 18, 24) . Particles with glycolic acid groups on the surface (linker) and non-functionalized (NF) particles were used as controls. The conjugation reaction was performed in two reaction steps, as described previously (6, 18) . Briefly, a nanoparticle suspension (10 mg/mL) was made using nanopure water, and 10 equivalents of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and 12 equivalents of Nhydroxysuccinimide (NHS), and 10 equivalents of ethylenediamine were added. This reaction was carried out at a temperature of 4°C for 1 h at a constant agitation of 17 relative centrifugal force (rcf). Following the reaction, the particles were centrifuged at 10,000 rcf for 10 min and the supernatant was removed. The particles were washed with the same volume of nanopure water and centrifuged at 10,000 rcf for 10 min, and the supernatant was removed. A second reaction was performed with 10 equivalents of EDC, 12 equivalents of NHS, and 10 equivalents of the corresponding functionalizing agent (i.e., di-mannose or galactose) in nanopure water, using constant agitation at 17 rcf for 1 h at 4°C. Particles were sonicated before and after each reaction to break aggregates. After the reactions were completed, nanoparticles were collected by centrifugation (10,000 rcf, 10 min) and dried under vacuum for 1 h.
Nanoparticle Characterization
Morphological and size characterization of both the functionalized and the NF nanoparticles was performed using scanning electron microscopy (SEM, FEI Quanta 250, Kyoto, Japan) and quasi-elastic light scattering (QELS, Zetasizer Nano, Malvern Instruments Ltd., Worcester, UK). The QELS experiments were used to measure the ζ-potential of the nanoparticles. To quantify the amounts of the carbohydrates conjugated to the nanoparticles, a high-throughput version of a phenol-sulfuric acid assay was used (6, 32) . A microplate reader (SpectraMax M3, Molecular Devices, Sunnyvale, CA) was used to obtain the absorbance of standards and samples using a wavelength of 490 nm. The total amount of sugar per unit weight of nanoparticles (micrograms per milligrams) was calculated.
Mice
Female Swiss Webster outbred mice were purchased from Harlan Laboratories (Indianapolis, IN). Mice were housed in specific pathogen-free conditions where all bedding, caging, and feed were sterilized prior to use. All animal procedures were conducted with the approval of the Iowa State University Institutional Animal Care and Use Committee.
Mouse Treatments
Liver and Kidney Histological and Biomarker Examination
Separate groups of five Swiss Webster outbred mice were subcutaneously injected with 5 mg of polyanhydride nanoparticles (non-or surface-functionalized) in 1.5 mL of phosphate-buffered saline (PBS) at the nape of the neck (33) . Control animals received treatment that included alum (100 μL) or saline (1.5 mL). Urine samples were collected at 7 and 30 days post-administration, prior to necropsy. Whole blood was collected via cardiac puncture in heparinated tubes, and liver and kidney tissues were harvested during necropsy and placed in phosphate-buffered formalin. Formalin-fixed tissues at 7 and 30 days post-administration were embedded, sectioned, and stained with hematoxylin and eosin (H&E) and blindly evaluated by a board-certified veterinary pathologist. Histopathological damage caused by inflammation, distribution of inflammatory cells, and tissue necrosis were evaluated using a 0-5 scoring system for each independent parameter.
Serum Biomarker Analysis
Serum biomarkers of kidney and liver function were analyzed using an Ortho Vitros 5.1 Chemistry Analyzer by the Iowa State University Clinical Pathology Laboratory. Toxicological biomarkers analyzed included blood urea nitrogen (BUN), albumin, alkaline phosphatase (Alk Phos), alanine aminotransferase (ALT), serum creatinine, glucose, total bilirubin, cholesterol, and total triglycerides. Normal range values for these biomarkers were obtained from the Laboratory and compared with those in the literature (34, 35) .
Urine Creatinine and Total Protein Quantification Analysis
Creatinine levels were measured in urine samples collected at 7 and 30 days post-administration using a creatinine assay kit (Sigma-Aldrich). The ELISA-based colorimetric assay was performed following the manufacturer's specifications. Quantification of creatinine was performed using standards provided by the manufacturer. Total protein amount in urine was quantified using a microbicinchoninic acid (BCA) assay at an absorbance of 562 nm using a plate reader (SpectraMax M3).
Intranasal Administration of Particle Formulations
Five separate groups of Swiss Webster mice were intranasally administered with nanoparticle formulations. To sedate the mice prior to intranasal administration of the nanoparticles, the mice were intraperitoneally injected with 90 μL of anesthetic solution (20 mg/mL ketamine + 1 mg/mL xylazine). Particle treatment groups included mice that were administered with the following: (1) 500 μg of nonfunctionalized, (2) linker-functionalized, (3) galactosefunctionalized, or (4) di-mannose-functionalized 50:50 CPTEG:CPH nanoparticles. Mice intranasally administered with saline were used as a control. Nanoparticles were suspended in PBS and sonicated before administration. For all formulations, a volume of 50 μL was intranasally administered. After mice were deeply anesthetized, they were held upright by the nape of the neck and nanoparticle suspension was slowly applied through the nostrils of each mouse with a micropipette. They were held in this position until the breathing rate of the animals was back to normal. Mice were monitored after anesthesia and mobile function was restored.
Lung Histological Evaluation
Lungs from Swiss Webster mice were excised at 6, 24, and 48 h post-immunization and formalin-fixed. Tissues were embedded, sectioned, and stained with H&E and blindly evaluated by a board-certified veterinary pathologist. Adverse reactions in the lung tissue caused by inflammatory infiltration, necrosis, edema, bronchial associated lymphoid tissue (BALT) hyperplasia, and hemorrhage were evaluated using a 0-5 scoring system for each independent parameter.
Flow Cytometric Analysis of Lung Tissue
Mice were euthanized at 2, 24, and 48 h time points postimmunization. Lungs were processed as previously described (9) . Briefly, lungs were excised and perfused with PBS. Lungs were incubated in Hank's Balanced Salt Solution with 1 mg/ mL collagenase D and 60 U/mL DNAse II for 20 min at 37°C. Lung tissue was homogenized using a gentleMACS® tissue dissociator (Miltenyi Biotec, Cambridge, MA). To remove debris, samples were centrifuged for 250 rcf for 20 s and filtered with a 40-μm-cell filter. Red blood cells were lysed using ACK lysis buffer (150 mM ammonium chloride, 10 mM potassium bicarbonate, and 0.1 mM EDTA). Cell samples (1×10 6 cells/mL) were blocked to prevent nonspecific binding with 1% Rat IgG, 0.1% anti-mouse CD16/32, and 0.1% unconjugated Armenian Hamster IgG. Cells were surface stained with CD11c, CD11b, Ly6G/C Gr-1, and F4/80 markers. Samples were fixed with a stabilizing fixative solution (BD Biosciences) and analyzed on a FACSCanto™ flow cytometer (Becton-Dickinson, San Jose, CA), and the data was processed using FlowJo vX software (TreeStar Inc., Ashland, OR).
Bronchoalveolar Lavage Fluid Collection
Bronchoalveolar lavage (BAL) fluid was collected at 6, 24, and 48 h post-immunization (36, 37) . Briefly, after mice were euthanized, a sterile catheter was inserted into the exteriorized trachea of each mouse. Using a 1-mL syringe attached to the catheter, 1 mL of PBS was infused into the lungs and aspirated back to the syringe. The process was repeated two to three times, per mouse, while massaging the chest externally. Samples were placed on ice and centrifuged at 300 rcf for 30 s at RT to remove cellular debris and stored at −20°C until further analysis.
Cytokine and Chemokine Analysis
BAL fluid samples obtained at 6, 24, and 48 h postimmunization were analyzed using a 13-plex cytokine and chemokine quantification kit (MILLIPLEX® MAP Mouse Cytokine/Chemokine Magnetic Bead Panel, EMD Millipore, Billerica, MA). Analytes quantified included interleukin 6 (IL-6), keratinocyte chemoattractant (KC), monocyte chemotactic protein 1 (MCP-1), macrophage inflammatory protein 1α (MIP-1α), macrophage inflammatory protein 2 (MIP-2), IFN-inducible protein 10 (IP-10), tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), interleukin 1β (IL-1β), interleukin 10 (IL-10), interleukin 12p40 (IL-12p40), monokine induced by IFN-γ (MIG), and regulated on activation, normal T cell expressed and secreted (RANTES). The assay was performed following the manufacturer's instructions, and data was acquired and analyzed using a Bio-Plex 200™ system (Bio-Rad, Hercules, CA) as described in previous protocols (8, 17) .
Statistical Analysis
Statistical analysis was used to analyze the cell surface marker expression and cytokine secretion data. Two-way ANOVA and Dunnett's test were used to determine statistical significance among treatments, and p values <0.05 were considered significant.
RESULTS
Functionalization and Characterization of Carbohydrate-Modified Nanoparticles
Our previous work has shown that amphiphilic nanoparticle chemistries were suitable for protein stabilization (16, 24, 28, 38, 39) , demonstrated potent adjuvant responses (20) , and were effectively internalized by and activated APCs (6, 17, 24, 40) . Therefore, the 50:50 CPTEG:CPH nanoparticle formulation was chosen to perform the carbohydrate functionalization and to evaluate safety upon in vivo administration.
Particle morphology was characterized using scanning electron microscopy, as shown by the photomicrographs in Fig. 1 . The size of these particles was measured using ImageJ software (version 1.47v, NIH, Bethesda, MD). The diameter of the nonfunctionalized 50:50 CPTEG:CPH nanoparticles was 182±59 nm. After functionalization, the diameter increased to 223±61, 228±43, and 236±55 nm, for linker-, galactose-, and di-mannose-modified particles, respectively. In addition, the ζ-potentials and the surface concentration of the sugars for each formulation were measured and are shown in Fig. 1 . The NF particles are negatively charged, consistent with the presence of carboxylic acid moieties with a ζ-potential of −21±3.2 mV, while the addition of the amine linker to which the neutral sugar moieties (i.e., galactose and di-mannose) were attached resulted in a positively charged surface with ζ-potentials of 18±2.5, 16±2.1, and 19±1.9 mV, respectively. After the carbohydrate modification was completed, quantification of the amount of sugar linked to the particle surface was measured using a phenol-sulfuric acid assay and indicated that 15±5.5 μg of galactose or 19±2.4 μg of di-mannose was present per milligram of particles.
Kidney Histological Evaluation and Renal Function
Following subcutaneous administration of 5 mg of particles to mice, serum, urine, and kidney samples were collected at 7 and 30 days. Histological evaluation of the tissue sections was performed, and renal function biomarker levels were analyzed. Blood urea nitrogen (BUN) was measured in serum samples, while creatinine and total protein were quantified in urine samples. As shown in the representative histological images in Fig. 2a , the inflammatory changes in the kidney during the period of the study were unremarkable as no significant differences were observed between the histological scores of mice treated with saline and the animals treated with the various nanoparticle formulations. Using a 5-point scale, the inflammatory infiltration scores ranged from 0 to 2, in all groups, with an average of 0.67, and these levels did not worsen between 7 and 30 days postadministration, indicating that no acute or chronic inflammation was induced (Fig. 2b) . The distribution of the cellular infiltration had an average score of~1.67, with only one mouse that was administered with galactose nanoparticles receiving a score of 3 at 7 days postadministration. In summary, these studies show that there was no histological evidence of tissue damage in the kidneys. Figure 2c shows renal function biomarker levels, BUN, and creatinine, both indicative of normal glomerular filtration rate. For the two biomarkers assessed and the total protein/creatinine ratio in the urine, there were no significant differences in urine samples collected at 7 or Fig. 1 . Polyanhydride nanoparticle characterization. Chemical structures of the surface moieties on nonfunctionalized and linker-, galactose-, and di-mannose-functionalized nanoparticles are presented. Particle size data represent the mean±standard deviation (SD) of data collected from scanning electron microscopy photomicrographs using ImageJ software from four independent experiments. ζ-potential data were measuring using QELS and represent the mean ±SD of four independent experiments. Sugar density data were measured using a phenol sulphuric acid assay and are presented as the mean±SD of four independent experiments No significant differences were observed when compared to mice administered with saline (n=5 at each time point) saline and samples from mice that received any of the nanoparticle treatments. Both BUN and creatinine levels were within previously reported normal range levels (41, 42) . Even though BUN levels were slightly lower than the reference values, there were no significant differences between the saline and particle groups. Variations in normal BUN levels have been previously reported to be mouse strain-dependent (34, 35, 43) .
Liver Histological Evaluation and Hepatic Function
Histological evaluation of the tissue sections was performed, 7 and 30 days after subcutaneous administration of 5 mg of nanoparticle formulations. Cholestasis and hepatocellular damage were evaluated in serum samples by measuring the levels of Alk Phos and ALT, respectively. As shown in Fig. 3a , the inflammatory changes in the liver were mild, and these were interpreted as nonspecific background changes common to this mouse strain. Representative histological images of liver tissue are shown. The inflammatory infiltration scores ranged from 0 to 2 (on a scale of 0-5) in all the animals studied, with an average of~1, regardless of the treatment as shown in Fig. 3b . These scores did not significantly change between the two time points analyzed. The frequency of infiltration within the liver (distribution score) was also low; the distribution score ranged from 0 to 3, with an average of 1.8. In Fig. 3c , the levels of Alk Phos, ALT, and albumin are shown. There were no significant differences in the serum levels of any of the biomarkers analyzed between saline and nanoparticle treatment groups in the levels of these serum biomarkers at either time point. The ALT levels in mice administered with particle formulations were slightly higher than the upper limit of the reference values at day 30 postadministration; however, these were no different than the levels observed in mice treated with saline at the same time point.
Lung Histological Evaluation
Based upon the results obtained so far, which suggested that the subcutaneous administration of carbohydratefunctionalized polyanhydride nanoparticles did not have a detrimental effect upon liver or kidney function of the treated animals, we next evaluated the safety profile upon intranasal administration of surface-modified polyanhydride nanoparticles. Previous work from our laboratories has shown that nanovaccines delivered intranasally resulted in protective long-term immunity (20) . After intranasal administration of 0.5 mg of nanoparticle formulations, tissue samples were collected at 6, 24, and 48 h postadministration to evaluate acute histological changes. Figure 4a shows representative histological images from the lung for each treatment group at the 24-h time point (when the highest histological scores were registered). The parameter that contributed mostly to the final histological score was inflammation as shown in Fig. 4b . Inflammatory infiltrates tended to be focused on bronchioles and adjacent alveolar spaces with neutrophils predominating. In general, the inflammatory scores peaked at 24 h, with scores up to 4 in some animals. The animals that received the linker-and galactose-functionalized nanoparticles displayed a higher level of inflammation. In addition, the average necrosis values increased with time, with the highest value at 48 h, regardless of the treatment groups (data not shown). There were only two mice with minor hemorrhage, with a score of 1, 24 h after administration of the NF particles. Hemorrhage was likely a tissue collection artifact. There were no mice with signs of edema or BALT hyperplasia at any time point analyzed (data not shown). Total histological scores are shown in Fig. 4c .
Distribution of Lung Cellular Populations
Given the inflammatory cell infiltration scores described above, the cell types recruited into the lungs following particle administration were assessed by flow cytometry. Cellular populations were analyzed in whole-lung homogenate at 2, 24, and 48 h post-intranasal administration. Flow cytometric analysis was performed, and populations were identified with the following surface marker combinations: dendritic cells (CD11c + CD11b − ), interstitial macrophages (CD11c − CD11b + F4/80 + ), neutrophils (CD11b + Ly6G/C Gr-1 + ), and activated monocytes (CD11b + Ly6G/C Gr-1 − ) (44) (45) (46) (47) . Figure 5 shows the cellular population distribution in the lungs. The percentage of DCs (Fig. 5a ) increased with time for all the treatment groups including the saline control and ranged from 1% to 4% of total lung cells. The percentage of interstitial macrophages (Fig. 5b) peaked at 24 h, with all the treatment groups following similar dynamics. The neutrophil percentage (Fig. 5c ) at 2 h was the highest (2.5%-5%), and with time, these populations decreased to 1.5%-2.5% of all the cells; this behavior was observed in the tissue from the animals that received all the treatment groups except the NF nanoparticles, in which the neutrophil population peaked at 24 h. As another measure of cellular recruitment into the lungs, the presence of activated monocytes was assessed (Fig.  5d ) and the presence of this cell type followed similar dynamics as neutrophils, starting at 4%-6% and decaying to 1.5%-3% of total lung cells by 48 h. These data support the histological evaluation, as no major changes were observed in the inflammatory cell populations in the lungs of mice treated with saline or mice administered with any of the nanoparticle formulations.
Cytokine/Chemokine Secretion
To assess the inflammatory environment in the lungs following intranasal administration of 0.5 mg of nanoparticle formulations, the BAL fluid was collected and used to measure the amounts of the following chemokines and cytokines: IL-6, KC, MCP-1, MIP-1α, MIP-2, IP-10, TNF-α, IFN-γ, IL-1β, IL-10, IL-12p40, MIG, and RANTES. Negligible amounts (i.e., below the levels of detection) of IFN-γ, IL-1β, IL-10, IL-12p40, MIG, and RANTES were observed (data not shown). Figure 6 shows the kinetics of the secretion of IL-6, KC, MIP-2, TNF-α, IP-10, MCP-1, and MIP-1α. Two distinct trends were observed. The secretion of IL-6, KC, MIP-2, and TNF-α peaked at 6 h postadministration, while the highest amounts of IP-10, MCP-1, and MIP-1α secreted were observed 48 h postadministration. The BAL fluid from animals that received the linker-and galactose-modified nanoparticle groups showed consistently higher amounts of these cytokines compared with saline. The absence of a major cytokine/chemokine response after intranasal administration of the nanoparticle formulations is consistent with the histological data and provides further evidence of the safety and biocompatibility of these materials following pulmonary delivery.
DISCUSSION
In this work, we report on the safety profile of surfacefunctionalized polyanhydride nanoparticles following parenteral or intranasal administration to mice. The safety and biocompatibility of nonfunctionalized polyanhydride nanoparticles has been demonstrated previously (33) ; however, the ability of di-mannose-functionalized nanoparticles to initiate signaling via CLRs warrants a systematic evaluation of the potential toxicity associated with the induction of innate and/ or inflammatory responses by these novel biomaterials.
As shown in Fig. 1 , the particle morphology and size of the functionalized particles were similar to previously reported data (6, 19, 28, 48, 49) . The characterization of polyanhydride nanoparticles before and after surface modification was consistent with previous studies (6, 17, 18) . The change in the ζ-potential from negative to positive charge after linker attachment can be beneficial for enhanced cellular uptake, as reported previously (50, 51) . In addition, carbohydrate functionalization is known to enhance both the APC activation in vitro (6, 17, 18) and the therapeutic efficacy of drug delivery (4) .
Based on the histological analysis scores reported in this work, subcutaneous administration of 5 mg of carbohydratefunctionalized nanoparticles did not result in tissue damage of the liver or kidney when assessed at 7 or 30 days postadministration and is consistent with previously reported safety profiles of parenterally administered polyanhydride nanoparticles (33) . The histological changes noted in hepatic tissue samples after nanoparticle administration were mild, which are comparable to other biodegradable polymer formulations, but much less than those exhibited by extremely cytotoxic metal particles of similar size (11) . No other histological changes such as distortion and swelling of hepatocytes, cellular binucleation, or hydropic degeneration of the tissue were detected in the liver samples, as reported with other nanoparticle formulations (52) . The histological scores of the kidney samples of mice administered with saline alone were not significantly different when compared to the scores from the kidneys of mice administered with various particle formulations. No interstitial edema, inflammatory cell infiltration, tubular epithelial flattening, urinary casts, or signs of renal histopathological lesions were detected, which have been reported previously for other nanoparticles (53, 54) . Based on the data presented here, the systemic effects of functionalized nanoparticle administration, in terms of hepatic and renal health, are consistent with the effects of other biodegradable nanoparticle systems (33, 55, 56) .
In addition to histological evaluation, serum and urine biomarkers, which are indicators of renal and hepatic injury and inflammation, were used to evaluate the safety of the functionalized nanoparticles. The levels of BUN, urine creatinine, and total protein/creatinine ratio in mice receiving the particle treatments were not significantly different from the levels in animals receiving the saline. Even though BUN content level was lower than the reference values provided, the values were consistent with previously reported data in Swiss Webster mice (43) . Creatinine and total protein-tocreatinine ratio levels in mice administered with the particles were no different than in animals receiving the saline control and consistent with the amounts reported in urine from mice of this lineage (35, 41) . Creatinine, a by-product of muscle metabolism, is an important indicator of kidney function. When glomerular filtration rate is impaired, creatinine levels rise in the blood and in the urine (57) . Creatinine measurement is commonly used because urinary excretion of any biomarker that is filtered through the glomerulus is affected by the glomerular filtration rate and therefore used to normalize other markers, such as total protein or albumin (58) . Together with urine specific gravity, these markers are part of the standard clinical diagnosis for renal function during impairments such as chronic kidney disease (59), acute kidney injury (60), or renal injury (41) . Together, the inability to detect elevated levels of key biomarkers in serum and urine, combined with the histopathology assessment of liver and kidney samples, demonstrates that there were no detrimental effects on renal or hepatic systems in mice treated with 5 mg of di-mannose-functionalized nanoparticles.
The use of the pulmonary route offers several advantages for drug and vaccine delivery since the lungs allow targeted (2), noninvasive administration (22) and the capability to ensure systemic or local delivery of agents (12, 21) . However, the respiratory system is also a more delicate environment, and parameters such as particle size (61) (62) (63) , charge (2, 50, 51) , chemistry (9, 33) , and material (12,64) affect deposition, distribution, and biocompatibility. In previous work, a single intranasal administration of nonfunctionalized polyanhydride nanovaccines demonstrated the ability to induce protective immunity upon lethal challenge (9, 20, 65) . The current work builds upon these studies by evaluating the safety profile of carbohydrate-functionalized nanoparticles in the lung. The acute histopathology results from lung tissues after administration of particle formulations (Fig. 4) displayed a bell-shaped curve with a peak at the 24-h time point. The lesions in the lung samples were mild to moderate, likely attributable to the administration procedure itself, because the lungs of the mice administered with the saline control group received similar scores. As shown in Fig. 4b , the major contributor to the histological scores was inflammatory cell infiltration.
The inflammatory infiltrates found in the lung samples after intranasal administration were consistent with the recruitment kinetics described for other pulmonary innate immune responses (36, 50, 61, 66) , in which initial cellular recruitment was primarily composed of mononuclear cells and neutrophils. Next, neutrophils and macrophage infiltrates appeared in the lung tissue by 24 h and were still present 48 h post-administration. Since the differences in the inflammatory cell infiltrates in the lung samples may be attributed to pulmonary recruitment of cells from circulation (50), we analyzed the kinetics of various cell populations in the lungs of treated animals. As shown in Fig. 5 , there were no significant changes in lung cellular populations between the various particle treatment groups, but all of them followed similar kinetics. Consistent with the histological data and previous studies (66, 67) , neutrophils were the first cells to be recruited to the administration site, followed by macrophages and/or DCs. Overall, the lung cellular populations observed were not statistically distinguishable from the populations in the lungs of mice receiving saline. This observation suggests that the administration of the nanoparticles likely caused a mild inflammatory response similar to that induced by the administration of saline, and supports the conclusion that the particle formulations themselves were not detrimental to the health of the treated animals.
Another component of lung response to foreign material is the secretion of cytokines and chemokines to recruit a cellular response and mediate clearance. The presence of these molecules can mediate leukocyte trafficking and inflammation and link the innate and adaptive immune responses (68) . However, overproduction of chemokines and cytokines can cause severe tissue damage (68, 69) . As shown in Fig. 6 , different kinetics were observed for the analyzed cytokines and chemokines. The amounts of IL-6, KC, MIP-2, and TNF-α levels were elevated at early time points but decreased by 48 h, while the amounts of IP-10, MCP-1, and MIP-1α secreted were the highest at 48 h. The observed differential production of these cytokines/ chemokines is likely related to the dynamic nature of the innate immune response and the different cell types that produce, utilize, and respond to these molecules. Nevertheless, our data indicate that intranasal administration of any of the nanoparticle formulations did not cause a major increase in cytokine or chemokine production that would result in severe tissue damage. All together, the histological evaluation of lung tissue, the unremarkable changes in the recruitment of inflammatory cells to the lung, and the absence of a major cytokine/chemokine response after intranasal administration of carbohydratefunctionalized polyanhydride nanoparticles provide confirmatory evidence of the safety and biocompatibility of these novel materials for pulmonary delivery.
CONCLUSIONS
The studies reported herein demonstrate the safety and b i o c o m p a t i b i l i t y o f c a r b o hy d r a t e -f u n ct i o n a l i ze d polyanhydride nanoparticles upon parenteral and intranasal administration. The results showed that a 5-mg dose of either linker-or di-mannose-functionalized nanoparticles did not induce hepatic or renal tissue damage or cause elevation of damage-related or functional biomarkers in serum or urine following subcutaneous administration. In addition, a 0.5-mg dose of either linker-or di-mannose-functionalized nanoparticles administered intranasally did not result in demonstrable tissue changes in the lungs of treated animals. The favorable histological profile, the distribution and kinetics of cellular populations, and the lack of a remarkable pro-inflammatory cytokine and chemokine profile in the lungs of mice administered with functionalized nanoparticles supported the biocompatibility of the linker-and di-mannosefunctionalized nanoparticles. Together, these studies demonstrate the safety of administering carbohydrate-functionalized nanoparticles in vivo and provide foundational information to evaluate the capabilities of these surface-modified nanoparticles for drug and vaccine delivery.
